Background: The past few decades have seen the isolation of certain
Introduction
Mutans streptococci have been implicated as the most important microbial agents in dental caries (14) . One important virulence property of these organisms is their ability to adhere to tooth surfaces by producing several extracellular proteins or enzymes (14) . In a previous study, we identified and characterized Streptococcus mutans glucan-binding protein C (GbpC) as a wall-anchored surface protein characteristic of Gram-positive bacteria (29) . This protein probably participates in adherence to tooth surfaces where mediated by α-1, 6 glucan (dextran) , and therefore may contribute to the cariogenicity of these organisms (16, 18, 27) . Four genes encoding glucan-binding proteins (GBPs) in S. mutans have been identified so far and designated in the order of their discovery as gbpA (3) , gbpB (17) , gbpC (29) , and gbpD (32) . Among these GBPs, only the GbpC protein is involved in dextran-dependent aggregation (ddag), defined as the ability to immediately autoaggregate in the presence of exogenously added dextran (15) . Streptococcus sobrinus has been found to aggregate more readily than S. mutans (7, 38) , and several GBPs have been reported in S. sobrinus, including candidates involved in ddag, (15, 34) . However, no GBP genes have been identified in S. sobrinus or any other mutans streptococcus, except for S. mutans.
Streptococcus macacae isolated from the macaque monkey is a species of mutans streptococci (5) . Its cariogenicity, however, has yet to be experimentally verified. As a mutans streptococcus, S. macacae exhibits several relevant cariogenic properties, including sucrose-dependent smooth surface attachment, acidogenicity and colonial morphology specific to mutans streptococci on Mitis-Salivarius agar plates. This organism is more similar to S. mutans than other mutans streptococci in respect to serotype polysaccharide antigens and genomic GC content (5) . However, only a few nucleotide sequences e.g. those encoding 16S ribosomal RNA, elongation factor Tu (tuf), Cnp60 (cnp60), and ribonuclease P have been determined in S. macacae so far (accession numbers AF276268, AY123711, AJ511702, and X58302, respectively). There are no reports characterizing the genes responsible for the cariogenic properties of S.
macacae as yet. In the present study, we found that S. macacae also exhibited ddag, and attempted to detect a gbpC homologue in the S. macacae chromosome by PCR using primers designed based on the gbpC nucleotide sequences determined from 19 strains of S. mutans (25) . Furthermore, to investigate the universality and distribution of gbpC homologous genes in mutans streptococci, we performed Southern hybridization analysis on 7 species of mutans streptococcus using an S. macacae gbpC homologue fragment probe.
Materials and Methods

Bacterial strains and plasmids.
S. macacae strain ATCC 35911 (serotype c) was used for the identification and cloning of the gbpC gene homologue and glucan-binding assays. S. mutans strain 109cS (serotype c), which is a spontaneous colonization-defective mutant of 109c due to homologous recombination between the gtfB and gtfC genes (29) , and S. sobrinus strain ATCC6715 were used as references for dextran-dependent aggregation. S. mutans strain Z1, which is a ddag-defective mutant due to a single nucleotide deletion resulting in a frameshift mutation in gbpC (accession number AB195694), was used for the complementation test.
In addition, S. criceti strains HS6 (ATCC19642) and OMZ61, S. ratti strains 107P
and FA-1 (ATCC19645), S. mutans strain UA159 (ATCC700610), S. sobrinus strain 100-4 (clinical isolate), S. downei strain Mfe28 (ATCC33748), S. ferus strain 8S1 (ATCC33477), S. sanguinis strain ATCC10556, S. gordonii strain Challis, S. anginosus strain IS57, and S. salivarius strain ATCC9222 were all subjected to Southern hybridization analysis. The streptococci were maintained and cultured in Todd-Hewitt (TH) broth/agar plates. Escherichia coli strain TOP10 obtained from a commercial supplier (Invitrogen, Carlsbad, CA, USA), was used as a host for plasmid pBAD/His and its derivatives.
Dextran-dependent aggregation (ddag)
S. macacae was streaked onto TH agar plates and aerobically incubated at 37 ºC for two days. Colonies were picked and cultured in Todd Hewitt broth overnight at 37ºC without shaking. The culture was then transferred as a 1% inoculum into screw-capped glass tubes containing fresh BTR-G broth (31) (1% Bacto Tryptone, 0.1% Bacto yeast extract, 0.05% sodium thioglycolate, 0.61% K 2 HPO 4 , 0.2% KH 2 P0 4 , 1 mM MgSO 4 , 0.1 mM MnSO 4, 0.2% glucose). As reference strains, S. mutans 109cS and S. sobrinus ATCC6715 were grown in BTR-G broth with and without a sublethal concentration (0.18 µg/ml) of tetracycline (tet) as a stress inducer, respectively. The cultures were incubated for 24 h and then divided into two 1.0 ml portions and a solution of dextran T2000 (molecular weight, 2,000,000; Sigma-Aldrich Co., St. Louis, Mo.) added to one of them to a final concentration of 100 µg/ml. Each pair of tubes was swirled for more than 2 minutes and observed visually for aggregation (29) .
Southern hybridization analysis.
The streptococcal strains were subjected to agarose gel electrophoresis and the appropriate restriction enzyme-digested chromosomal DNA fragments were separated and transferred onto nylon membranes (NytranN, Schleicher and Schuell, Dassel, F.R.G) as described previously (23, 30) . The chromosomal fragments were hybridized with a n S. mutans intact gbpC gene or S. macacae gbpC homologue fragments as probes and the n analyzed using the Enhanced Chemiluminescence (ECL) Direct Nucleic Acid Labeling and Detection System recommended by the supplier (Amersham Biosciences Corp., Piscataway, NJ).
The S. mutans gbpC 1944 bp gene fragment containing the intact gene to be used as a probe was amplified by PCR from S. mutans 109cS chromosomal DNA with forward primer gbpC5' (5'-GAGAAAGCACTTTGGTTTCAA -3') and reverse primer gbpC3' (5'-ACATATTTTTCTCCAACCCTG -3'). The S. macacae gbpC homologue fragment probe was amplified from S. macacae ATCC 35911 chromosomal DNA with forward primer SMA-FuF (5'-ATCTCGAGGCTGCTC AGCAAATGTT -3') and reverse primer SMA-FuR (5'-ATGAATTCAGTTTGAGG AAGCGGAGCA GTATA -3').
PCR amplification o f gbpC homologue from S. macacae chromosome.
The primers were designed based on the codon bias of S. macacae and the conserved sequences which were revealed by comparing 19 gbpC sequences from different strains of S. mutans (DDBJ, EMBL and GenBank nucleotide sequence databases under accession numbers D85031, NC_004350, and AB195694-AB195710). The PCR primers used in this study are listed in Table 1 . Each PCR mixture (50 µl) consisted of 1x cloned Pfu reaction buffer, 200 µM dNTPs, 100 ng/ml oligonucleotide primers, 2.5 U of PfuTurbo hot start DNA polymerase (Stratagene Corp., La Jolla, CA), and 5 µl of template (100 ng/ml S. macacae chromosomal DNA). The PCR thermal conditions were as follows: activation at 95 ºC for 2 min, 30 cycles of 3-step amplification (95 ºC for 30 s, 54 ºC for 30 s, and 72 ºC for 70 s), followed by a final extension at 72 ºC for 10 min. Agarose gel (1.5%) electrophoresis was used to analyze the PCR products.
Chromosome walking.
A genome walking library was constructed with the Universal GenomeWalker Kit (Clontech, Palo Alto, CA) and the Bam HI, PvuII, and SspI restriction sites confirmed by Southern hybridization analysis. The initial amplicon was used for the Southern hybridization analysis as a probe against S. macacae chromosomal DNA. The S. macacae chromosomal fragments flanking the initial amplicon were then amplified with an adopter primer (AP1) and gene specific primers, as recommended by the supplier. The amplified fragments were then purified and sequenced using the same primers. Based on the obtained nucleotide sequence information, subsequent forward and reverse primers were designed and appropriate fragments were amplified for sequencing. The locations and sequences of the primers used are indicated in Fig. 1 .
Nucleotide sequencing and sequence analysis.
The amplified fragments were purified with a QIAquick PCR Purification Kit (Qiagen K.K., Tokyo, Japan). The corresponding regions were directly sequenced with a BigDye Terminator Cycle Sequencing FS Ready Reaction Kit using the primers listed in Table 1 and an ABI PRISM Genetic Analyzer 310 (Applied Biosystems, Foster City, CA) as described previously (27) . The nucleotide sequences of both strands of the 2.6 kb fragments encompassing the S. macacae gbpC gene homologue were then determined. We used BLAST programs to search the S. mutans genome database at the University of Glucan-binding assays were carried out using biotin-dextran (dextran, biotin, 70,000 molecular weight, lysine fixable; Molecular Probes Europe BV, The Netherlands) as described previously (13), but modified to utilize the Ni-affinity of the histidine tag to immobilize the proteins by the method of Shah and Russell (32) .
The crude extracts from the induced E. coli strain cells with the overexpression plasmids or vector controls were prepared as described above.
Preliminary experiments revealed that >10 µl of crude extract was sufficient to saturate the binding capacity of Ni-NTA coated wells (data not shown).
Therefore Glucan-binding assays were then performed as described above , and the affinity of the α−1, 3 glucan for the S. macacae GbpC homologue protein was monitored for glucan-binding activity and compared to the α−1, 3 glucan added to the protein deficient sample.
SDS-PAGE and Western blot analysis.
The crude extracts from the induced E. coli cells with the overexpression plasmids or vector controls described above were mixed with SDS sample buffer and frozen until electrophoretic analysis using the Laemmli-gel system with 5-20% acrylamide gels (SuperSep TM , Wako, Osaka Japan). Following SDS-PAGE, the separated proteins were transferred to PVDF membrane (Immobilon-P™, Millipore Corporation, Bedford, MA), and
Western blot analysis with either anti-Xpress antibody or anti-serum generated against the S. mutans GbpC protein was carried out as described previously (29) .
Complementation test in S. mutans strain Z1 by construction of chimeras in vitro. Japan)). Each of the PCR amplification products in this procedure was purified using a QIAquick PCR Purification Kit (Qiagen). The sequences of the primers used in this experiment are listed in Table 1 .
The 180bp S. mutans cnm 5' gene fragment, including the region encoding the signal sequence, and the 2 kb fragment of the S. macacae intact gbpC homologue region were amplified using PCR primers cnmChiF and cnmChiR for the former, and SmaChiF and SmaChiR for the latter. These fragments were then used as templates following asymmetric PCR. The primers were designed for inframe ligation of both fragments. Asymmetric PCR using primers cnmCRT and SmaCFT was performed using the above-mentioned PCR products as templates. PCR thermal conditions consisted of 94ºC for 12 s, 60ºC for 30 s, and 67ºC for 7 min using rTth DNA polymerase (TOYOBO) to add 3'-Adenine residue overhangs at the end of PCR products to diminish unwanted ligations .
Primers cnmCRT and SmaCFT we re 5'phosphorylated and were designed to produce complementary single strands which protrude from asymmetric PCR (26) . The colonies were screened following ddag and cold agglutination assays.
Nucleotide sequence accession number.
The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL and GenBank nucleotide sequence databases under accession number AB195308.
Results
Presence of homologue of S. mutans gbpC gene on S. macacae chromosome.
Dextran-dependent aggregation (ddag) in S. macacae was investigated as described in Materials and Methods. S. macacae exhibited ddag, as did S. mutans and S. sobrinus which were used as reference strains ( Therefore, we attempted to amplify a n S. macacae gbpC gene homologue. We have previously detected a gbpC nonsense mutation in strain GS-5 (27) . In addition to this mutation, several synonymous and non-synonymous nucleotide substitutions have been detected in the gene of this strain. Polymorphism in the gbpC gene was expected, so we determined the 19 gbpC sequences from different strains of S. mutans. The results indicated many single nucleotide substitutions present throughout the gene. However, several relatively conserved stretches were revealed by multiple alignments of these sequences (25) . Therefore, several PCR primers were designed based on the sequences in the conserved regions. The codon bias of S. macacae was also considered in designing the primers, along with the frequency of the third base position in the codon table. PCR amplification was carried out using several primer sets as listed in Table 1 . We successfully obtained two amplicons with overlapping sequences. The sequence of the longer amplicon was determined and revealed an approximately 70% homology to that of the corresponding region in S.
mutans strain 109cS. The nucleotide sequence of the 2.6 kb fragment containing the entire gbpC homologous region was then determined.
Nucleotide and deduced amino acid sequences of gbpC homologue gene.
The 1854 bp open reading frame (ORF) begins with an ATG and terminates with a TAA codon. This ORF encodes a 617-amino acid protein with a calculated molecular mass of 67 kDa. The gbpC homologue gene exhibited a 67% identity with the gbpC in S. mutans strain 109cS (Fig. 3) . The GbpC homologue protein has a 64% overall identity and 77% similarity with the S. (19) . A possible cell wall-associated region was also found between amino acid residues 519 and 557, which contained 12 regularly distributed proline residues.
Another feature of the overall amino acid composition of this putative mature GbpC homologue protein was its relatively high alanine (11.18%) and proline (5.8%) content, which was similar to that (12.1% and 4.9%, respectively) of the 58-to 60-kD glucan-binding lectin (GBL) isolated from S. sobrinus by Ma et al (15) .
Glucan-binding assays
Matsumoto et al. (personal communication) has reported that the dextran binding activities of S. mutans fragments A and B (corresponding to the
328-1607 bp and 531-1096 bp regions of the gbpC gene, respectively) (Fig. 4) were as high as that for the intact GbpC protein. Therefore, we constructed E.
coli clones capable of overexpressing the full-length S. macacae GbpC protein homologue without a signal peptide sequence (designated as pBAD-SmaGbpC).
We also constructed partial GbpC protein domains corresponding to S. mutans fragments A and B (designated as pBAD-FraA and pBAD-FraB). We then used these constructs to examine the glucan-binding activities of the protein products.
In addition, three other clones harboring pBAD/HisA expression vectors containing serially deleted partial gbpC homologues (pBAD-FraC, pBAD-FraD, and pBAD-FraE) were also constructed ( and pBAD-FraE, respectively. This corresponded to predicted approximate molecular sizes (Fig. 4) . The corresponding bands were also detected by
Western blot analysis with anti-serum generated against the S. mutans GbpC protein (data not shown), although multiple bands were also detected, indicating that the anti-GbpC serum cross-reacted with the S. macacae GbpC homologue proteins.
Crude E. coli extracts were prepared as described in Materials and
Methods. Glucan-binding activity was measured by immobilizing the induced proteins on nickel-coated wells in microtiter plates and measuring the binding The observation that unlabelled dextran produced a reduction in signalling showed that biotin-dextran competed with unlabelled dextran (Fig. 6) . The results further showed that amylose did not effectively compete with biotin-dextran for binding to immobilized pBAD-SmaGbpC, pBAD-FraA, or pBAD-FraC (Fig. 6 ). This suggests that α-1, 4 glucan does not inhibit the binding activity of the S. macacae GbpC homologue. Dextran, the putative substrate for the GbpC homologue protein, competes for binding of biotin-dextran and amylose does not, at least at these concentrations. This suggests that dextran acts as a competitive inhibitor i.e. both ligands vie for the same site on the protein.
In addition, to determine whether the S. macacae GbpC homologue 
Complementation of mutation in S. mutans by in vitro construction
The S. macacae gbpC homologue was introduced into ddag-negative S. mutans strain Z1 . Complementation then showed that the S. macacae gbpC homologue had identical functions. S. mutans strain Z1 possesses a strain-specific cnm gene which participates in the cold agglutination phenotype (26) and is a ddag defective strain. These characteristics made S. mutans strain Z1 a suitable candidate for a host strain for transformation and subsequent screening. Twenty-six transformants were ultimately obtained and screened for cold agglutination-and ddag-phenotypes. Six out of the 26 colonies constitutively exhibited ddag-positive and cold agglutination-negative phenotypes. In addition, nucleotide sequencing confirmed that one mutant, designated as (QV)Z1, harbored a single nucleotide deletion in the gbpC gene.
PCR amplification confirmed allelic exchange with the fragment constructed in vitro by the method described in the Materials and Methods (Fig. 7 ) (data not shown). This suggests that the S. macacae GbpC homologue protein is a glucan aggregation protein (Fig. 8) .
Southern hybridization analysis of mutans streptococcal gbpC
homologues.
We performed Southern hybridization analysis using the S. macacae gbpC homologue fragment probe with the chromosomal DNA of several mutans streptococci (S. ferus, S. downei, S. sobrinus, S. ratti, and S. criceti) to investigate the universality and distribution of gbpC homologues in mutans streptococci. Positive bands were detected in all these species, although none were exhibited in non-mutans streptococci, S. sanguinis strain ATCC10556, S.
gordonii strain Challis, S. anginosus strain IS57, or S. salivarius strain ATCC9222 (Fig. 9 ). This suggests a broad distribution of gbpC homologues in mutans streptococci.
Discussion
The novelty of this study lies primarily in the detection and characterization of the glucan-binding protein C homologue in S. macacae. S.
sobrinus more readily autoaggregated than did S. mutans, and one study has demonstrated glucan-binding lectin (GBL) to be a major GBP of S. sobrinus (8) .
Subsequently, it was reported that S. sobrinus possessed the GBP capability of binding dextran, and that one of these proteins , the 60 kDa protein, appeared to be involved in ddag (15) . GBLs have been defined as GBPs that confer the property of aggregation on bacteria in the presence of exogenous dextran (15) .
Similarly, here we propose the designation Dbls (Dextran-binding lectins) as referring to a wall-anchored protein family characterized by dextran-binding activity (e.g. GbpC). This cell-wall anchoring of the protein is essential for the aggregation phenotype, as discussed below. We propose that it is reasonable to designate these proteins as Dbls, but not Gbls, since they do not exhibit any binding activity with amylose (α-1, 4-glucan) or α-1, 3-glucan, as indicated in Fig.   6 .
Unrooted phylogenetic trees showing the relationship of partial 16S
rRNA sequences revealed a close relationship between S. macacae and S.
mutans (37) . Furthermore, S. macacae is more similar to S. mutans than to other mutans streptococci in respect to the serotype polysaccharide antigen, genomic GC content (5), and spontaneous generation of colonization defective mutants (unpublished results) reported in S. mutans (36) . This study was originally undertaken with the intent of investigating the divergent evolution of these two species. In addition, we were interested in whether gbpC was a widespread adherence factor in mutans streptococci. In addition to GBPs, S. mutans also possesses glucan-binding glucosyltransferases (GTFs), water-insoluble glucan-synthesizing GTF-I encoded by gtfB (1) and gtfC (10) and water-soluble glucan-synthesizing GTF-S encoded by gtfD (11) . Glucans can also interact with
Gbps to promote cell-to-cell aggregation (9, 33) . The gtf genes and the pac gene (Fig. 5) . The dextran-binding activity expressed from pBAD-FraA was as high as that from pBAD-SmaGbpC, while the proteins expressed from pBAD-FraB, pBAD-FraD, and pBAD-FraE did not exhibit any dextran-binding activity (Fig. 5) . This difference in functional domains for dextran-binding may result from a divergence of the two homologous proteins. pBAD-FraC, which codes for a partial GbpC homologue, exhibited low dextran-binding activity compared with pBAD-SmaGbpC and pBAD-FraA. This suggests that the critical domain for glucan binding may be located near the N-terminus of the S. macacae GbpC homologue protein.
A gbpC homologue gene was detected in the S. macacae chromosome by PCR using primers designed from the gbpC nucleotide sequences of the S. mutans strains. We observed nucleotide polymorphisms in the S. mutans gbpC gene in various strains (25) , and utilized these polymorphisms in designing the primers for the PCR analysis of the S. macacae. We also investigated whether the S. macacae gbpC homologue gene was a divergent molecular species.
Initially, we attempted to detect gbpC homologues from S. macacae by colony and plaque hybridization. However, we found no positive clones or plaques, even after screening a number of clones corresponding to more than a 100-fold coverage of the entire genome.
Since S. macacae, like S. sobrinus (6) , is neither naturally nor artificially transformable (unpublished result), constructing a knock-out mutant in this species is difficult. Therefore, in this study, we attempted to demonstrate complementation using chimeric fragments constructed in vitro by PCR, and the results were successful (Fig. 8) . Accordingly, we believe that the S. macacae gbpC homologue gene is responsible for the ddag phenotype of this organism. It is highly likely that the gbpC homologue gene is an important factor in the ddag of S. macacae, since the GbpC homologue protein appears to be a wall-anchored protein and exhibits dextran-binding activity (Fig. 5) (Fig. 9) . These results suggest that the S. macacae gbpC homologue gene is closer to ancestral sequences than the other gbpC homologues in mutans streptococci. This may be compatible with the intermediate aggregation phenotype of S. macacae. In early investigations, GBPs involved in ddag were regarded to be specific for S. sobrinus and S. criceti (8) . However, we found that the gbpC gene was involved in the S. mutans ddag. Moreover, we also detected the gbpC homologue in S. macacae. Positive Southern hybridization bands were detected even in S. ferus (Fig. 9) , which was reported to exhibit only 1.0%
hybridization with S. macacae in DNA base-pairing experiments (37) . Recently, it has been questioned whether S. ferus should truly be regarded as a mutans streptococcus (2, 24, 37) . mutans with fragment, 26 colonies were detected on Mitis-Salivalius agar plates after 3 days anaerobic incubation, and transformants were screened for ddag and cold agglutination phenotype. Chromosomal DNA digested with HindIII from several species of mutans streptococci were analyzed using S. macacae gbpC homologue fragment. 
